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AJRCRAFT SIMULATION OF LUNAR LANDII'iG APPROACH TRAJECTORIES 
By Joseph F. S t e g a l l  
b&ned Spacecraft Center 
SUMMARY 
An a i r c r a f t  simulation of Lunar Excursion Module (UM) landing 
approach t r a j e c t o r i e s  w a s  conducted over t he  Craters of the  Moon region 
i n  south-central  Idaho during September 2-6, 1964. The bas ic  program 
objectives were t o  study p i l o t  v i s i b i l i t y  problems under earthshine con- 
d i t i ons  and p i l o t  capab i l i ty  t o  detect  off-nominal approaches under both 
sunshine and earthshine conditions. A standard T-33 a i r c r a f t  w a s  used 
t o  provide a f r e e  f l i g h t  simulation of L E M  approach ve loc i t i e s  between 
15 000 a,nd 1500 f e e t  above t he  t e r r a in .  The approaches were flown by 
the  r ea r  sea t  p i l o t  while t he  f ron t  s ea t  p i l o t  provided data  on detec- 
t i o n  of t e r r a i n  fea tures ,  motion with respect  t o  the  t e r r a i n  and o f f -  
nominal approach conditions. 
Study r e s u l t s  indicate  the  minimum acceptable r e f l e c t ed  earthshine 
on the  I X M  approach f o r  both t e r r a i n  avoidmce and s a f e  p i l o t  con t ro l  of 
t h e  t r a j e c to ry  i s  approximately 0.02 ft-L. 
On off-nominal low approaches under sunshine, the  p i l o t  could rec-  
ognize the  need f o r  correct ion a t  a sa fe  a l t i t u d e ,  but on similar ap- 
proaches m d e r  low values of r e f l e c t ed  earthshine such recognit ion d i d  
not  occur u n t i l  sa fe  recovery would have been marginal. 
INTRODUCTION 
There has been general  speculat ion regarding the  undes i r ab i l i t y  of 
a lunar landing under earthshine conditions, but  only recen t ly  were f r e e  
f l i g h t  simulation data  obtained t o  indicate  the  minimum ear thshine  re-  
quired f o r  a sa fe  landing. These data  were gathered by the  F l i gh t  Crew 
Support Division of the  Manned Spacecraft Center i n  l a t e  1963 i n  a h e l i -  
copter  simulation of the  L;EM approach from 1000 f e e t  t o  touchdown 
r e f .  1). Results of the  study indicated the  minimum operat ional ly  ac- 
ceptable r e f l e c t ed  earthshine required fo r  l a d i n g  s i t e  se lec t ion  and a 
sa fe  manually-controlled touchdown i s  approxima,tely 0.06 f t -L  without 
a r t i c i f i a l  l i gh t i ng  aids.  
Because of i t s  ve loc i ty  l imi ta t ions ,  the  he l icop te r  could not be 
used t o  study earthshine v i s i b i l i t y  problems a t  the  higher a l t i t u d e s  of 
t he  LEM approach where successful  t e r r a i a  avoidance, landing a rea  selec- 
t ion,  and t r a n s i t i o n  t o  manual. control  of the LEM w i l l  be g r ea t l y  in- 
fluenced by t he  degree of p i l o t  v i s i b i l i t y .  
I n  h y  1963, a preliminary a i r c r a f t  simulation of the  LEM landing 
approach was conducted by t he  F l igh t  Crew Support Division using a 
standard T-33 a i r c r a f t  ( re f s .  2 and 3), That study indicated a i r c r a f t  
simulations were a valuable means of presenting the  operational  per- 
spective of t h e  L;EM landing approach. It a l s o  showed t h a t  the  T-33 
a i r c r a f t  could simulate a representa t ive  LEM t r a j ec to ry  within 10  per- 
cent of des i red values of a l t i t ude ,  range, velocity,  time and dive 
angle from 15 000 t o  5000 f e e t  a l t i tude .  
On t h e  ba s i s  of t h e  i n i t i a l  T-33 study and t h e  des i re  t o  extend t h e  
earthshine s tudies  t o  develop a more complete evaluation of LEM p i l o t  
v i s i b i l i t y  problems, a second earthshine study, t he  subject  of t h i s  
repor t ,  w a s  conducted by t h e  F l igh t  Crew Support Division i n  September 
1964. In  t h i s  study, a standard T-33 a i r c r a f t  was flown along a LEM 
approach t r a j e c t o r y  by the  r ea r  cockpit p i l o t  while t h e  f ron t  cockpit 
p i l o t  provided v i s i b i l i t y  data. In  addition, during t h i s  study a "quick 
look" was taken a,t t h e  capab i l i ty  of the  p i l o t  t o  de tec t  off-nominal LEM 
t r a j e c t o r i e s  through out-the-window visual cues under both sunshine and 
earthshine conditions. 
FACILrrIES AND EQUIPMENT 
Test Area 
The Craters of t he  Moon region of south-central Idaho was se lected 
f o r  t he  t e s t  s i t e  because it contains extensive areas  of low-contrast 
black lava flows. The lava  type i s  basal t .  Its albedo (percent l u m i -  
nous ref lectance)  ranges from 6 percent t o  28 percent, with an average 
of about 13 percent. By comparison, lunar surface albedos range from 
approximately 5 percent f o r  maria t o  16 percent f o r  t h e  br ight  rays 
( r e f .  4). The average elevation of the  l ava  beds i s  5700 f e e t  above 
sea l eve l ,  with cinder cones through t h e  cen t ra l  port ion r i s i n g  t o  about 
500 f e e t  above t h e  otherwise l e v e l  t e r ra in .  Figure 1 shows the  loca t ion  
of t he  a rea  and t he  two ground t racks  used f o r  data  runs. Track no. 1 
was used f o r  a l l  but  f i ve  runs because of t he  l a rge  expanse of flow on 
both s ides  of track.  
Ground F a c i l i t i e s  
The t e s t  a i r c r a f t  and personnel were based a t  B i l l  A i r  Force Base, 
Utah, 130 miles southeast of t he  Craters of t h e  Moon region during t he  
t e s t  period. F l igh t  crews and ground support engineers used an a r ea  i n  
the  Base Operations Building f o r  p re f l igh t  t r a j ec to ry  calcula t ions ,  
br ief ings ,  and preliminary data  analysis .  A UHF t ransmit ter / receiver  
i n  t h e  Base Weather Sta t ion was used f o r  r e l ay  of information between 
f l i g h t  and ground crews. 
Ai rc ra f t  and Test Equipment 
A USAF T-33 a i r c r a f t ,  57-0722, assigned t o  t h e  NASA Wried Space- 
c r a f t  Center, was used f o r  t h i s  study. It was instrumented with t h e  
following t e s t  equipment: 
1. Motion pic ture  camera i n  the  nose of t h e  a i r c r a f t  t o  photograph 
t he  t e r r a i n  ahead of t he  a i r c r a f t  a s  seen by t he  f ron t  cockpit p i l o t  
( f ig .  2) .  
2. Motion pic ture  camera i n  t he  r ea r  cockpit t o  photograph ins t ru-  
ment panel readings of f l i g h t  data  ( f ig .  3). 
3. Voice tape recorder f o r  f ron t  cockpit p i l o t  commentary and v i s i -  
b i l i t y  data  recording. 
4. Total  temperature sensor/ indicator un i t  f o r  use with other  
f l i g h t  instruments in providing data  f o r  pos t f l igh t  t r a j ec to ry  calcu- 
l a t i o n s  ( f igs .  2 m d  3). 
5 Att i tude indicator  with a >-inch b a l l  ca l ib ra ted  i n  2°-increments 
of dive angle f o r  accurate f l i g h t  path control  ( f ig .  3) .  
Hand-Held Equipment 
Several pieces of hand-held equipment were ca r r ied  i n  the  f ron t  
cockpit f o r  use in simulating earthshine conditions: 
1. Neutral densi ty  g lass  and ge l a t i n  f i l t e r s  with a range of v i s i -  
b l e  l i g h t  transmittance between 0.002 percent and 80.0 percent t o  simu- 
l a t e  various l e v e l s  of re f lec ted  earthshine. A g rea te r  range of t rans-  
mittance was obtained by combinations of f i l t e r s .  
2. Goggles t o  be f i t t e d  with appropriate f i l t e r s  and worn by the  
f ron t  cockpit p i l o t ,  
3. Spectra Brightness Spot Meter t o  measure r e f l e c t ed  surface 
i l lumination,  with an acceptance angle of 1.5' and a sca le  range of 
-4 4 f rom10 t o 1 0  ft-L. 
4. F i l t e r  Select ion Charts t o  r e l a t e  l i g h t  meter readings t o  f i l -  
t e r  combinations f o r  t e s t  values of simulated earthshine ( f ig .  4) .  
TEST CREWS 
Three astronauts,  th ree  pilot-engineers from t h e  F l igh t  Crew Sup- 
por t  Division, and one research p i l o t  from t h e  Ai rc ra f t  Operations 
Office formed t h e  f l i g h t  crews f o r  t h e  study. A l l  but seven da ta  runs 
were flown with as t ronauts  i n  t he  f ron t  cockpit as da ta  p i l o t s .  Seven 
runs were made by two pilot-engineers who had extensive LEM approach 
simulation experience. 
SIMULATED EARTHSHINE E N V I R O ~ N T  
Simulated lunar  surfece brightness was obtained from the  photometric 
model described by: 
B = E p @ ( re f .  4) 
where: 
B = surface luminance 
E = inc ident  i l lumination 
P = normal surface albedo 
$ = photometric function 
Figure 5 shows t h e  re la t ionsh ip  of t h e  angles t h a t  determine t h e  photo- 
metric function @ The angle i i s  the  angle of incidence of source 
i l lumination measured from the  n o d  t o  the  re f l ec t ing  plane, c the  
viewing angle measured from the  normal and a i s  the  included angle 
between the  d i rec t ion  of incidence and the  d i rec t ion  of viewing ( re f .  5 ) .  
Since it has been observed t h a t  l i n e s  of isobrightness follow t h e  lunar  
meridians and s ince  t h e  nominal landing areas  a r e  within &lo0 l a t i t ude ,  
t he  normal t o  t h e  r e f l e c t i ng  plane can be assumed t o  l i e  i n  the  plane 
containing a ( r e f s .  4 and 8). With t h a t  assumption, t h e  photometric 
function can be expressed i n  terms of only two parameters, a and $* 
The variable a remains the phase angle and $ is  the projection of 
the viewing angle s onto the phase p lme  containing a . Figures 6 and 
7 i l l u s t r a t e  the relationships between angles a and and the photo- 
metric function $ . 
The earthshine conditions simulated i n  t h i s  study ranged i n  values 
of ref lected earthshine from 0.0027 t o  0.088 ft-L. Figures 8 and 9 
i l l u s t r a t e  photometric parameters that could produce some of the eaxth- 
shine conditions. A normal albedo of 7 percent was used f o r  a l l  con- 
dit ions,  closely approximating the average lunar maria albedo of 
6.5 percent. 
F i l t e r  selection f o r  a predetermined earthshine condition was based 
on measured t ransmissibi l i ty  of each f i l t e r  and l i g h t  meter readings of 
ref lected sunshine, expressed as follows: 
B percent f i l t e r  t ransmissibi l i ty  = g ,  X 100 
where : B = simulated ref lected sunshine 
B t =  measured ref lected sunshine 
An example of a F i l t e r  Selection C h a r t  i s  i l l u s t r a t ed  i n  figure 4. As 
shown, a f i l t e r  or  f i l t e r  combination was l i s t e d  f o r  each small range 
of possible l i gh t  meter readings. An attempt was made t o  induce no 
more than 10 percent error  in  the matching of a l i gh t  meter reading t o  
a f i l t e r  combination t o  simulate a given earthshine condition. 
Aircraft  Trajectory 
Prior t o  the s t a r t  of operations, tables  and nomograms were devel- 
oped tha t  re lated I E M  approach velocity, d t i t u d e ,  and range t o  T-33 
indicated airspeed, indicated al t i tude,  dive angle and t o t a l  temperature. 
Before each f l igh t ,  predicted f l igh t  l e v e l  temperatures, pressures, and 
winds were input t o  the tables and nomograms t o  produce an airspeed- 
altitude-dive angle profi le  f o r  each data m. The rear  cockpit p i lo t  
used the profiles,  i n  the form of checkpoint paraxeters, t o  control the 
f l i g h t  path. 
To establ ish the T-33 on a simulated L;EM approach, the a i r c r a f t  was 
dived through approximately 3500 fee t  t o  increase airspeed t o  t h a t  re- 
quired a t  t ra jectory entry al t i tude.  This a l t i tude  was 15 000 fee t  above 
the t e r r a in  Tor normd simulated earthshine runs, and e i ther  4000 f ee t  
higher or  lower f o r  off-nominal t r a j ec to ry  m s .  A t  that point, the  
s t a r t  of the  run, t he  p i l o t  reduced t h r o t t l e  t o  id le ,  assumed the  cor- 
r e c t  dive angle (near 14') and lowered speed brakes, While t he  f ron t  
cockpit p i l o t  provided v i s i b i l i t y  data,  o r  off-nominal detection data  
i n  cases of off-nominal t r a j ec to r i e s ,  the  r e a r  cockpit p i l o t  control led 
t he  a i r c r a f t  and recorded airspeeds, a l t i t u d e s  and t o t a l  temperature 
readings t o  be used f o r  pos t f l igh t  checks of t r a j ec to ry  simulation 
accuracy. Ai rc ra f t  control  on t h e  t r a j ec to ry  consisted of holding t h e  
proper heading and making small dive angle adjustments a s  ca l l ed  f o r  on 
t h e  precomputed t r a j e c t o r y  p rof i l e .  
Each data  run t r a j e c t o r y  was reconstructed a f t e r  operations ended 
from r e a r  cockpit camera da t a  of airspeed, a l t i t ude ,  t o t a l  temperature, 
and time. After  conversions of indicated airspeed t o  equivalent a i r -  
speed and indicated pressure a l t i t u d e  t o  ambient f l i g h t  l e v e l  pressures, 
using char ts  i n  t h e  T-33 F l igh t  Handbook ( ref .  6 ) ,  t ab les  based on t h e  
following equation were used t o  calcula te  t r u e  airspeed: 
where: V = t r u e  airspeed ( f t / sec)  t 
V = equivalent airspeed ( f t / s ec )  
e 
Tto  = t o t a l  temperature ( O R )  
2 Pa = ambient pressure ( l b / f t  ) 
The der ivat ion of the  above equation i s  shown on page 26. Ground 
speed was calcula ted by adding or  subtracting t h e  predicted t r ue  wind 
speed. S t r i p  in tegrat ion was performed on p lo t s  of ground speed versus 
time t o  calcula te  range. 
Figures 10  and 11 show the  re la t ionships  between the  average nominal 
T-33 t r a j ec to ry  and two proposed LEM t r a j ec to r i e s .  The Guidance and Con- 
t r o l  Division (GCD) t r a j e c t o r y  "d" was used as  the  standard fo r  t h i s  
study because it i s  representa t ive  of a number of proposed t r a j ec to r i e s ,  
and it, more than any other avai lable  a t  t h e  beginning of study planning, 
can be more c lose ly  simulated with t h e  T-33 a i r c r a f t .  The current  MIT 
LEM t r a j ec to ry  (as  of July 1964) was received during the  data runs. 
T-33 drag charac te r i s t i cs  a r e  such t h a t  the  LEM approach can be 
c losely  matched between 15 000 and 5000 fee t .  During the  approach, t h e  
l i f t - t o -d rag  r a t i o  gradually increases so tha t ,  a s  shown on f igure  10, 
an overspeed bui lds  up t h a t  reaches 20 percent higher than LEM ve loc i ty  
on t h e  GCD t r a j ec to ry  "d" a t  about 3700 fee t .  
Two types of off-nominal approaches were simulated, one 4000 f e e t  
too high and t he  other 4000 f e e t  too low. An e r ro r  of 4000 f e e t  was 
assumed t o  e x i s t  i n  U M  i n e r t i a l  system calcula t ions  of a l t i t u d e  with- 
out benef i t  of landing radar  data. This represents an estimate of t h e  
combined three- sigma ( 3 ~ )  uncer ta int ies  i n  the  i n e r t i a l  system a l t i t u d e  
and a l t i t u d e  ra tes ,  plus t h e  minimum expected displacement inaccuracies 
of lunar  surface e levat ion a s  a r e s u l t  of a projected lunar  o rb i t e r  
mission. 
The high approach simulation was not productive, primarily because 
of t h e  previously mentioned lack of T-33 drag a t  low airspeeds. It was 
impossible t o  reduce airspeed su f f i c i en t l y  f o r  t he  data  p i l o t  t o  reco- 
nize  t h e  high a l t i t u d e  - low ve loc i ty  re la t ionsh ip  of an off-nominal 
high t ra jec tory .  
The off-nominal low t r a j ec to ry  was flown on eleven da ta  runs. Entry 
t o  the  low t r a j ec to ry  was at  11 000 f e e t  above the  t e r r a i n  at t he  veloc- 
i t y  corresponding t o  15 000 f e e t  on the  nominal LEM tra jectory.  Fig- 
ures 1 2  and 13 show comparison between the  average T-33 low t r a j e c t o r y  
and estimates of low LEM t r a j e c t o r i e s  based on the  GCD and MIT t r a j ec -  
t o r i e s .  
Nominal Earthshine Approaches 
Before each f l i g h t  t he  f ron t  cockpit p i l o t  (data  p i l o t )  was given 
four values of re f lec ted  earthshine t o  be simulated. In prepara.t;ion fo r  
each approach, he accomplished the  following: 
1. Take several  l i g h t  meter readings with the  Spectra Brightness 
Spot Meter along t h e  approach t r a j ec to ry  toward the  simulated landing 
area. Calculate average l i g h t  meter reading. 
2. Enter t he  F i l t e r  Selection Chart f o r  t he  desired simulated 
earthshine wi'th the  average l i g h t  meter reading and s e l ec t  appropriate 
f i l t e r s .  
3 .  Place f i l t e r s  i n  the  goggles, put on goggles and begin dark 
adapt ion. Continue dark adapt ion f o r  15 minutes . 
During the  approach the  data p i l o t  viewed the  t e r r a i n  ahead, l imi t ing  
h i s  f i e l d  of view t o  the  law flow by cupping h i s  hands around t he  goggle 
rims a s  necessary t o  exclude from view the  horizon and t e r r a i n  outside 
t h e  lava flow t h a t  would produce un rea l i s t i c  cues. Figure 111.  i s  a 
s e r i e s  of nose camera photographs of the  t e r r a i n  ahead on a typ ica l  
approach. 
The data  p i l o t  was encouraged t o  comment a t  w i l l  on v i s i b i l i t y  con- 
d i t i ons  during each approach. I n  addi t ion t o  comments, he was asked t o  
s igna l  by voice when he observed the  following: 
MARK I - Point a t  which he could f i r s t  see t h e  t e r r a in .  
MARK I1 - Point a t  which he had adequate v i sua l  cues t o  
take pos i t ive  t e r r a i n  avoidance action.  
MARK 111 - Point a t  which he could define the character  
of t he  t e r r a i n  and h i s  motion with respect  t o  
it t o  t he  extent  t h a t  he estimated he could 
judge t he  t r a j ec to ry  t o  be s a f e  o r  unsafe. 
Voice data  was recorded on the  onboard tape recorder. It w a s  time- 
cor re la ted  t o  f i lm  data  by the  r ea r  cockpit p i l o t  simultaneously actu- 
a t i ng  a film-marking c i r c u i t  and recording a mice-t ime hack a t  t he  
s t a r t  of each approach. 
Off-Nominal Approaches 
Both sunshine and earthshine off-nominal approaches were flown. 
Off-nominal t r a j e c t o r i e s  were intermixed with nominal ones so t h a t  the  
da ta  p i l o t s  would not know when t o  expect an off-nominal approach. The 
da ta  p i l o t  was encouraged t o  comment at  w i l l ,  but t o  record the  following: 
1. Sunshine Runs - detect ion of off-nominal condition and required 
takeover point. 
2. Earthshine Runs -- normal earthshine data  (MARKS I, 11, and 111) 
and required takeover point. 
The required takeover point was defined as the  point on t he  low 
t r a j ec to ry  a t  which the  p i l o t  judged t he  a l t i t u d e  - a l t i t u d e  r a t e  re la -  
t ionsh ip  t o  be undesirable t o  t h e  extent  t h a t  manual takeover w a s  
necessary. 
RESULTS AND DISCUSSION 
A t o t a l  of 44 data  approaches were flown during t h i s  study, swn- 
marized as  follows: 
3 nominal t r a j ec to ry  sunshine approaches 
29 nominal t r a j ec to ry  earthshine approaches 
1 high t r a j ec to ry  sunshine approach 
7 low t r a j ec to ry  sunshine approaches 
4 low t r a j ec to ry  earthshine approaches 
The nominal t r a j ec to ry  sunshine approaches were used before o f f -  
nominal operations t o  fami l ia r ize  data p i l o t s  with the  nominal a l t i t ude -  
a l t i t u d e  r a t e  re la t ionships .  Adequate photo-panel recording was achieved 
on each of the  44 runs t o  successfully determine a i r c r a f t  t r a j e c t o r i e s ,  
and data  was recorded on MARKS I, 11, and 111 f o r  each run. 
Earthshine Approaches 
The r e s u l t s  of both nominal and off-nominal approaches w i l l  be d i s -  
cussed i n  t h i s  section.  
A s  s t a t ed  e a r l i e r ,  on simulated earthshine approaches the  p i l o t s  
recorded three  data  points, MARKS I, 11, and 111, from observations of 
t h e  t e r r a i n  ahead. The p i l o t s  were generally ab le  t o  see the  t e r r a i n  
immediately upon approach en t ry  a t  15 000 f e e t  (MARK I). Occasionally, 
a t  brightnesses below 0.02 ft-L, MARK I was delayed t o  a s  low as 
1 0  000 feet ;  but  t h e  da ta  d i s t r i bu t i on  was random and could not be d i -  
r e c t l y  r e l a t ed  t o  degraded v i s i b i l i t y .  
Figure 15 shows t he  re la t ionsh ip  found between re f lec ted  earthshine 
brightness a,nd estimated capab i l i ty  t o  take t e r r a i n  avoidance action.  
No t e r r a i n  avoidance problems a r e  indicated a t  brightness l eve l s  above 
0.01 ft-L. In f ac t ,  a t  0.02 f t -L and above, most p i l o t s  ca l l ed  t h i s  
point  (MARK 11) at  t he  s t a r t  of the  approach. Below 0,01 ft-L, t h e  da ta  
indicate  a rapid  de te r io ra t ion  i,n the  p i l o t s '  capab i l i ty  t o  d i s t ingu ish  
-terra,in features.  This is  believed t o  be p a r t i a l l y  due t o  t he  normal 
t r ans i t i on  from cone t o  rod -vision t h a t  occurs near 0.01 ft-L. Rod 
vis ion consis ts  of no color, but ra ther  shades of gray a,nd blaxk shadows, 
making it d i f f i c u l t  f o r  one t o  perceive r e l a t i v e  shapes or  s i z e s  of low- 
contras t  objects. 
Figure 16 shows the MARK I1 data from one astronaut who used a 
different definit ion of t e r r a in  avoidance capabai ty.  Instead of using 
gross differences in t e r r a in  features, as other p i l o t s  were doing, he 
called MARK I1 when he could perceive re la t ive  elevations of objects 
within a low-contrast area. It can be seen by comparing figures 15 and 
16 that  the l a t t e r  definit ion, more r e s t r i c t ive  than the f i r s t ,  resulted 
i n  lowered t e r r a in  avoidance capabi l i ty  dotm t o  about 0.005 ft-L bright- 
ness; however, a t  about tha t  brightness l eve l  a l l  p i l o t s '  data were 
grouped closely together. In swnmary, figure 15 indicates the t e r r a in  
avoidance capabi l i ty  under earthshine based upon gross differences i n  
t e r r a in  features i n  several low-contrast areas; whereas, f igure 16 
indicates tha t  capabili ty when re la t ive  elevations a re  used within a 
low-contrast area. 
The data enclosed by the sol id  l i nes  i n  figure 17 represent p i lo t  
capabili ty t o  characterize the te r ra in  and h i s  motion with respect t o  
it t o  the extent he estimated tha t  he could judge the t ra jec tory  t o  be 
safe or  unsafe (MARK 111). A s  expected, the data indicated a s igni f i -  
cant difference in  individual p i lo t  judgement. Therefore, the worst- 
case data appear t o  be the most significant.  It varies from 2000 f e e t  
a t  0.005 ft-L t o  7800 fee t  a t  0.033 ft-L. Some p i lo t  comments on visual  
capabi l i ty  a re  l i s t e d  on page 15. They indica,te a lack of confidence 
i n  p i lo t  a b i l i t y  t o  safely determine approach conditions a t  earthshine 
brightnesses below 0.02 ft-L. 
The data marked by "x" i n  figure 17 represent the a l t i tudes  on off - 
nomind lov  t r a j ec to r i e s  a t  which the p i lo t s  detected the need fo r  man- 
ua l  takeover because of excessive velocity, par t icular ly a l t i tude  rate .  
The "x" data point a t  the extreme r ight  of f igure 17 represents the 
average takeover point on off-nominal low t ra jec tor ies  under sunshine 
conditions. Average deviation for  tha t  point was '1100 feet.  
The l imited off-nominal t ra jec tory  data indicates tha t  a t  low earth- 
shine brightness levels  the LEM p i lo t  may not recognize the need for  man- 
ual  takeover on a low t ra jec tory  i n  suff ic ient  time t o  recover. Fig- 
ure 18 shows a graphical relationship between a low trajectory and i t s  
"dead man curve." The "dead man al t i tude" i s  defined as the a l t i tude  
a t  or below which recovery i s  impossible, even with maximum available 
spacecraft thrust ,  because of excessive descent rate.  For any al t i tude-  
descent r a t e  combination on the trajectory, the corresponding "dead man 
a l t i tude ' '  can be found from the following equation: 
where: 
DMA = dead man a l t i t u d e  ( f e e t )  
a = accelera t ion a t  maximum descent engine 
2 t h r u s t  ( f t / s ec  ) 
V = i n i t i a l  descent r a t e  ( f t / s ec )  
0 
t =- time from appl icat ion of maximum t h r u s t  
t o  end of descent 
tA = time from p i l o t  recognization of need fo r  
correction t o  ro ta t ion  of LEM t o  v e r t i c a l  
and application of fulL t h rus t  (assumed 
5 see f o r  f i g .  18) 
Also shown on t h e  t r a j ec to ry  of f igure  18 a r e  the  a l t i t u d e s  a t  
which takeover was f e l t  t o  be necessary on t he  low t r a j ec to ry  approaches. 
Note t h a t  takeover was not signaled on t he  low t r a j ec to ry  a t  0.012 ft-L 
e a r t h s h h e  u n t i l  very near the  "dead man a l t i tude . "  
The "dead man curve" shown on f igure  18 i s  based on an abort  using 
t he  descent engine. Should descent stage f u e l  depletion o r  o ther  f ac to r s  
necess i t a te  an abort  using t h e  ascent engine, then the  "dead man a l t i -  
tude" would be considerably higher. 
The possible e f f ec t s  of t e r r a i n  shadows were investigated by com- 
paring da ta  from up-sun runs against  data  from dom-sun runs. .No appre- 
c iable  di f ferences  could be found i n  t he  data, bu t  p i l o t s  commented t h a t  
when t h e  sun was behind them the  t e r r a i n  shadows were more helpful .  
I n  summary, t h e  s ign i f ican t  r e s u l t s  from the  earthshine por t ion of 
t he  study are:  
1. V i s i b i l i t y  f o r  t e r r a i n  avoidance appears t o  be adequate a t  
earthshine brightness l eve l s  down t o  approximately 0.01 ft-L. Below 
t h a t  l e v e l  t h i s  capabi l i ty  becomes questionable. 
2. Estimated capab i l i ty  t o  judge t he  t r a j ec to ry  a s  safe  or  unsafe 
gradually de te r io ra ted  with decreasing values of simulated earthshine. 
P i l o t s  indicated a lack  of confidence i n  a b i l i t y  t o  sa fe ly  determine 
approach coadit ions at re f lec ted  brightnesses below 0.02 ft-L. 
3. Pi lo t  capab i l i ty  t o  recognize a low approach under earthshine 
i n  time t o  execute a safe  recovery appears questionable below 0,01 t o  
0.02 f t -L  re f lec ted  earthshine. 
Off-Nominal Sunshine Approaches 
Although the  primary purpose of t h i s  study was an investigation of 
p i l o t  v i s i b i l i t y  problems during a LEM landing approach under earthshine 
conditions, a "quick lookt' was taken a t  p i l o t  capab i l i ty  t o  recognize 
low off-nominal approaches. The off-nominal approaches under earthshine 
were discussed i n  the  preceding sect ion and w i l l  not be repeated here. 
The off-nominal approaches under sunshine conditions revealed two s ig -  
n i f i c an t  factors  t h a t  should be considered i n  the  development of LEM 
operational  procedures. 
F i r s t ,  study r e s u l t s  show t h a t  under sunshine conditions with out- 
the-window v isua l  cues alone, the  p i l o t s  d id  not recognize t he  need t o  
correct  a 4000 foot  low t r a j ec to ry  u n t i l  between 3500 t o  6300 f e e t  above 
t he  t e r r a in .  Based upon v i s i b i l i t y  requirements alone, recognit ion of 
required takeover under sunshine came surpr is ingly  l a t e  when one con- 
s i de r s  t h a t  it occurred between 1400 and 3400 f e e t  on s imilar  approaches 
under very 1017 earthshine ( f i g .  17). This indicates t h a t  height above 
t h e  t e r r a i n  replaces degree of environmental i l lumination a s  t he  gov- 
erning f ac to r  i n  detection of cff-nominal t r a j e c t o r i e s  a s  brightness 
l e v e l  i s  increased from low earthshine t o  sunshine. 
Secondly, during approaches d i r e c t l y  toward the  s m  when it was 
low on t he  horizon, p i l o t s  commented t h a t  the  sun i n  the  f i e l d  of view 
s ign i f i c an t l y  degraded t h e i r  capab i l i ty  t o  characterize t h e  t e r r a i n  
ahead. Although the  appearance of t he  sun a s  viewed through the  ea r th ' s  
atmosphere i s  influenced by atmospheric sca t te r ing  of l i g h t  and cannot 
be equated t o  i t s  appearance i n  t he  lunar  environment, degraded p i l o t  
v i s i b i l i t y  can be expected on LEM approaches i n to  a low sun simply be- 
cause of i t s  extreme brightness. 
CORRELA.TION OF Fd3SULITS WITH HELICOFT%R STUDY RESULTS 
A comparison can be made between the  r e su l t s  from t h i s  study and 
t he  r e s u l t s  from the  e a r l i e r  hel icopter  study over Pisgah Crater  i n  
California.  In t he  he l icop te r  study, approaches were made from 1000 f e e t  
a l t i t u d e  t o  landing s i t e s  2000 t o  6000 f e e t  ahead. The average approach 
angle was 14', a s  i n  t h i s  study. Minimum operationally acceptable re-  
f l e c t ed  earthshine from 1000 f e e t  t o  touchdown was indicated by t h a t  
study t o  be approximately 0.06 ft-L. The same photometric model was 
used as  a bas i s  f o r  both s tudies ,  and two p i l o t s  par t i c ipa ted  i n  both 
studies.  
I n  contras t  t o  t h e  p i l o t  t a sks  of landing s i t e  se lect ion and touch- 
down i n  t he  hel icopter  operation, t h i s  study was concerned with t h e  vis-  
u a l  cues avai lable  "c the  p i l o t  a t  higher approach a l t i t udes  f o r  gross 
t e r r a i n  avoidance and manual takeover f o r  a sa fe  approach t o  a landing 
area. In view of t he  d i f f e r en t  p i l o t  t a sks  i n  t he  two study areas,  it 
i s  not  surpr is ing t h a t  r e s u l t s  indicate  a lower acceptable earthshine 
l e v e l  fo r  t he  approach phase than f o r  t he  s i t e  se lect ion and touchdown 
phase. Precise def in i t ions  of t e r r a i n  slope and small objects t h a t  in- 
fluenced s i t e  se lect ion a r e  necessary f o r  t he  terminal  approach phase 
bu t  not f o r  gross t e r r a i n  avoidance and manual takeover. 
While it i s  conceded t h a t  t he  minimum acceptable v i s i b i l i t y  f o r  
s i t e  se lect ion and touchdown i s  t he  l imi t ing  factor ,  regardless of 
lower acceptable v i s i b i l i t y  down t o  t h a t  point, the re  remains t h e  possi- 
b i l i t y  t h a t  a r t i f i c i a l  l i gh t i ng  a ids  could be used t o  supplement envi- 
ronmental l i gh t i ng  near touchdown, and thus lower t he  minimum opera- 
t i o n a l l y  acceptable brightness l e v e l  recommended i n  t he  hel icopter  study. 
Such a re laxat ion i n  minimum earthshine reqdrements could r e s u l t  i n  a 
launch window extension; however, t h e  extent  t o  which the  launch window 
would be a f fec ted  cannot be determined u n t i l  f ree - f l igh t  s tud ies  a r e  
made with a r t i f i c i a l  l i gh t i ng  a id s  and a simulated lunar surface. 
Neither the  he l icop te r  nor the  T-33 a i r c r a f t  could be used t o  pre- 
c i s e l y  simulate t he  c r i t i c a l  port ion of a nominal LEM approach between 
3500 and 1000 f e e t  because of f l i g h t  performance r e s t r i c t i ons .  Pre- 
l iminary ana ly t ica l  analyses indicate  the  T-38 a i r c r a f t  can be used f o r  
a range of t h a t  port ion of the  approach, within 10  percent of LEM veloc- 
i t y ,  a l t i t u d e  and f l i g h t  path angle, t o  provide continuing f r ee - f l i gh t  
simulation t o  evaluate l a t e s t  concepts i n  LEMtrajectories and environ- 
mental l i gh t i ng  requirements. 
CONCLUDING REMARXS 
The s ign i f ican t  study r e s u l t s  a r e  swnmarized below: 
1. Visual cues f o r  safe  t e r r a i n  avoidance act ion appear t o  be 
adequate down t o  0.01 ft-L re f lec ted  earthshine. 
2, Estimated capab i l i ty  t o  judge t he  t r a j ec to ry  as  safe  o r  unsafe 
graduaLly deter iora ted with decreasing values of simulated earthshine, 
but ,  within the range of values simulated, no rapid de te r io r ia t ion  was 
noted, P i l o t  comments, however, show a lack  of confidence i n  t he  
capabili ty t o  monitor the approach and e x e c ~ t e  manml takeover under 
l e s s  than 0.02 ft-L ref lected earthshine, 
3. Very l imited data on 4000-foot low t ra jec tor ies  under earth- 
shine indicate tha t  i n  the region of from 0.01 t o  0,02 ft-L ref lected 
earthshine the need fo r  manual takeover of the LEM may not be recognize5 
i n  suff ic ient  time t o  execute the procedures and correct the t ra jectory.  
4. The points a t  which p i lo t s  f e l t  manual takeover was required on 
low t ra jec tor ies  under sunshine condition r a g e d  from 3500 t o  6300 fee t ,  
with an average of 5200 fee t  above the terrain.  
Due t o  the  l imited time available f o r  t h i s  study and the l imitat ions 
of the T-33 a i r c r a f t  for  simulating the lower regions of the LEM approach, 
it was impossible t o  study i n  depth both nominal and off-nominal I X M  
t ra jec tor ies  mder  earthshine, as  we11 a s  off-nominal sunshine approaches. 
For tha t  reason no attempt w i l l  be made t o  recommend an absolute minimum 
acceptable ref lected earthshine fo r  safe  p i lo t  control of the trajectory. 
However, based upon study resu l t s  and p i lo t  opinions, such a m i n i m  
would appear t o  be approximately 0.02 ft-L. 
Finally, it i s  recommended tha t  the T-38 a i r c r a f t  be considered f o r  
future f ree- f l ight  sim~llations of the LEM approach because of i t s  i m -  
proved performance over the T-33 a t  the higher and lower a l t i tudes  and 
veloci t ies  of the L E M  trajectory. The T-38 could be used fo r  additional 
earthshine studies, i f  necessary, and fo r  astronaut evaluation of changes 
t o  the LE1M approach trajectory. 
SYNOPSIS OF PILOT comms 
Simulated Earthshine 
0.0880 ft-lamberts Not much difference between t h i s  
and a sunshine run. 
0.0500 Plenty of v i s ib i l i t y ,  
0.0256 Adequate v i s i b i l i t y  cues. 
Rate of descent not apparent u n t i l  
about 3000 fee t  above the ground 
( r a t e  of descent used as cue fo r  
takeover capabili ty) . 
k r g i n a l  capabili ty t o  detect r a t e  
of descent. 
No v i s i b i l i t y  cues fo r  a long time. 
Extremely dark earthshine. 
Dark. 
AIRCFXFF TE'AJECTORY EQUATIONS 
Definition of Terms: 
Vt = t rue  airspeed ( f t l s e c )  
Ve = equivalent airspeed ( f t l s e c )  
3 p = density (s lugs/f t  ) 
3 = standard sea l eve l  density (0.002377 s lugs/f t  ) 
Pa = ambient pressure ( lblf t")  
2 P = standard sea l eve l  pressure ( 2 ~ 6  l b / f t  ) 
0 
Ta = ambient temperature ( O R )  
To 
= standard sea l e v e l  temperature (518.7'~) 
Tto  = t o t a l  temperature ( O R )  
M = k c h  number 
a = acoustic velocity ( f t l s e c )  
True airspeed i s  re la ted  t o  equivalent airspeed by ( r e f .  6 ) :  
Since 
and, 
Solving the above equation for Ta: 
For reversible adiabatic flow of air (ref. 7), 
True airspeed can be expressed as a function of temperature and k c h  
number (ref. 7). 
V = M a  and a=49.05 ./T 
t a 
Substituting (2) into (3) and squaring both sides of the equation: 
Substituting (I) into (4) and using standard values for T and P : 
0 0 
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Figure 4.- F i l t e r  se lect ion chart  fo r  0.022 ft-Lo 




PROJECTION OF NORMAL 
ONTO PHASE PLANE 
CONTAINING a 
Figure 5. - Sketch of the photometric angles 2 ,  C ,  a and y. 
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Figure 6, - Sketches of a - Y relationships. 
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